ndothelial progenitor cells (EPC) are immature hematopoietic cells circulating in peripheral blood that are capable of differentiating into mature endothelial cells to aid endothelial recovery. 1, 2 EPC are mobilized and recruited to the sites of vascular injury after signaling with major growth factors (GF). 3 Stromal-derived factor-1␣ (SDF-1␣) is essential for mobilization of EPC; 4 vascular endothelial growth factor (VEGF) also influences migration of endothelial and progenitor cells 5 and is amplified by SDF-1␣ release. 6 Granulocyte colony-stimulating factor (GCSF) and stem cell factor (SCF) are considered to be important chemoattractants for EPC. 7 The capacity of these GF to mobilize EPC was shown in various ischemic models: an injection of SDF-1␣ to ischemic hind limb along with transplantation of EPC resulted in accumulation of EPC in the ischemic tissue and in increased vasculogenesis; 4 also, administration of GCSF in a similar model led to augmentation of angiogenesis. 8 Similarly, VEGF contributed to postnatal neovascularization of cornea by mobilizing EPC. 9 Finally, administration of SCF in combination with GCSF in experimental stroke increased numbers of CD34 ϩ cells 10 and amplified angiogenesis. 11 Recently, an association between EPC levels and GF was assessed in patients with coronary artery disease (CAD). 12, 13 Previous studies implied an association between EPC and GF levels in human stroke: an increase of SDF-1␣ 14 and VEGF 15 was demonstrated 7 days after stroke, and circulating CD34 ϩ and CD133 ϩ
VEGF-R2
ϩ EPC subsets peaked at 7 days after ischemic event. 16, 17 Nevertheless, a temporal relationship of the GF with EPC in stroke has not yet been fully elucidated.
Acute and final lesion volumes measured on MRI provide an objective quantitative measurement of stroke severity and outcome. 18 In addition, lesion volume measurements are widely used as a surrogate of clinical outcome in therapeutic trials. 19 We recently demonstrated that the levels of circulating EPC are related to stroke severity. 20 The first aim of the current study was to determine the correlation between levels of EPC and the aforementioned GF participating in EPC recruitment. The second aim was to elucidate a relationship between these GF and stroke severity in early stroke patients. Our results show a positive correlation between subsets of EPC and levels of SDF-1␣ and SCF and demonstrate an inverse association between levels of SDF-1␣ and acute lesion volume.
Patients and Methods

Study Population
This was a prospective pilot study of patients with imagingconfirmed acute stroke admitted to the NIH Stroke Center at the Washington Hospital Center between October 2008 and May 2009 and whose first MRI was within 24 hours of the time they were last seen normal. The study was approved by the NIH and Washington Hospital Center Institutional Review Board. Written informed consent was obtained from all patients participating in the study according to the institutional guidelines of NIH and Washington Hospital Center. This was a pilot study conducted on a selected population of acute stroke patients admitted to a single center. The preliminary study population consisted of 323 patients referred because of suspicion of an acute cerebrovascular event. Forty (12%) of these patients had hemorrhagic stroke diagnosed, 13 (4%) had TIA diagnosed, 96 (30%) had stroke mimics diagnosed, and 175 (54%) had imaging-confirmed ischemic stroke. Forty-one (23%) of the admitted ischemic stroke patients participated in the natural history protocol. From this subgroup, patients with contraindications to MRI, latency from last seen normal to blood draws Ͼ72 hours, known hematologic infectious diseases, severe hepatic infectious diseases, active malignancy, or recent surgery were excluded. This strict selection resulted in the reduction of number of stroke patients eligible for the study.
The final study population included 17 patients (10% of all ischemic stroke patients) and did not differ significantly from the total stroke cohort admitted to the hospital regarding demographics, medication, or stroke subtypes; however, the percentage of patients who received recombinant tissue plasminogen activator was higher in the study group (Table 1) .
Brain MRI and Lesion Volume Measurements
MRI was performed using a 3-T (Philips Medical Systems) clinical scanner. 21 Lesion volumes were measured from diffusion-weighted imaging (DWI), mean transit time (MTT), and fluid-attenuated inversion recovery using a semiautomated quantitative method. 22 Growth of lesion volume was calculated as a difference between final fluid-attenuated inversion recovery and baseline DWI lesion volumes.
Baseline DWI (baseline lesion volume) and MTT were performed at 9Ϯ8 hours after time last seen normal. Day 1 DWI and MTT were performed at 37Ϯ19 hours, and fluid-attenuated inversion recovery (final lesion volume) was performed at 10Ϯ13 days after time last seen normal. Baseline median DWI lesion volume was 17 mL (first quartile, 3; third quartile, 42) and median MTT was 32 mL (first quartile, 4; third quartile, 136). Day 1 median DWI lesion volume was 20 mL (first quartile, 5; third quartile, 46) and median MTT was 32 mL (first quartile, 0.02; third quartile, 111). Median fluidattenuated inversion recovery was 27 mL (first quartile, 4; third quartile, 76) and median lesion growth volume was 9 mL (first quartile, 1; third quartile, 39).
Blood Collection
Peripheral blood was collected at 31Ϯ13 hours (day 1) and 76Ϯ29 hours (day 3) after time last seen normal. Blood was collected by venipuncture in 4 Vacutainer CPT (Cell Preparation Tube; BD) and centrifuged at 2000g for 25 minutes. The mononuclear layer was isolated and resuspended in autologous plasma containing 10% dimethyl sulfoxide and stored at Ϫ80°C until analysis. Plasma was separated and stored at Ϫ80°C until analysis. 23 
EPC and GF Measurements
EPC populations were identified using combinations of surface markers (CD34, CD133, VEGF-R2). Briefly, 2ϫ10 6 . Just before analysis on a FACS Vantage SE (BD Biosciences), DAPI nuclear dye was added to the cell suspension to allow for viability gating, which was consistently 70%Ϯ3% across the 2 collection time points for all patients. A minimum of 1ϫ10 6 live cells were collected, and FACS analysis was performed in triplicate for each sample ( Figure 1 ). Medians of 3 measurements were calculated, and resulting EPC counts were expressed as a percentage of total mononuclear cells in each sample.
Plasma VEGF, SDF-1␣, and SCF levels were measured in duplicate samples using monoclonal antibody-based enzyme-linked immunoassays (Quantikine, R&D Systems). SDF-1␣ levels were measured in platelet-poor plasma after additional centrifugation at 10 000g for 10 minutes. Plasma GCSF levels were measured using chemiluminescent enzyme-linked immunoassays (R&D Systems).
Statistical Analysis
Correlations were made using the 2-tailed Spearman rank test. Differences between groups were assessed either by the 2-tailed Mann-Whitney test or by the Kruskall-Wallis test. The 95% CI was calculated based on Fisher transformed value of a sample correlation coefficient, and then the confidence limits were back-transformed to derive for the correlation coefficient. The calculation was implemented with R-package (version 2.10.1).
Differences between repeated measurements were calculated by the 2-tailed Wilcoxon rank test. Linear regression was used in adjustments for major stroke risk factors and factors potentially influencing GF and EPC levels. To this end, age and NIHSS score (model 1), glucose and systolic and diastolic blood pressures (model 2), white blood cells and hematocrit (model 3), and significant correlations were entered. SPSS software version 16.0 was used. The level of significance was set at PϽ0.05.
Results
Temporal Increase of Plasma SDF-1␣ and SCF in Acute Stroke
On day 3, SDF-1␣ increased (PϽ0.04) compared to day 1, reaching 1561 pg/mL. Median SDF-1␣ on day 1 was 1379 pg/mL and VEGF levels on day 3 increased (PϽ0.03) up to 95 pg/mL in comparison to day 1. Median VEGF level on day 1 was 64 pg/mL. There were no significant differences between day 1 and day 3 levels of GCSF (42 vs (Table 2 ) populations. Percentages of subsets of EPC on day 1 in the cohort of early stroke patients (medians) are shown in Figure 3 . No correlations between day 3 EPC subsets and the GF levels were found.
Correlations Between SDF-1␣ and SCF With EPC Subsets in Stroke Patients
Day 1 SDF-1␣ strongly correlated with SCF levels (rϭ0.694; PϽ0.02; 95% CI, 0.320 -0.881). Correlation between SDF-1␣ and SCF remained significant after adjustments for age and NIHSS score (standardized ␤, 0.939; unstandardized coefficient B, 1.581; 95% CI, 1.257-1.90; PϽ0.0001), glucose and systolic and diastolic blood pressures (␤, 0.974; coefficient B, 1.63; 95% CI, 1.32-1.95; PϽ0.0001), white blood cells and hematocrit (␤, 0.97; coefficient B, 1.65; 95% CI, 1.293-1.977; PϽ0.0001). In contrast, there was no correlation between these GF on day 3. attenuated inversion recovery), or lesion growth volume was found.
Correlation Between SDF-1␣ and Acute Lesion Volume
Association of GF With Patient Demographics, Risk Factors, and Medication
Presence of hyperlipidemia (nϭ7) was associated with significant (PϽ0.025) increase of SCF levels on day 1. In patients with hyperlipidemia, median SCF was 841 pg/mL (first quartile, 742; third quartile, 905) vs median 537 pg/mL (first quartile, 473; third quartile, 739) in patients without hyperlipidemia. Other risk factors (Table 1) were not correlated with the GF levels. Six patients used aspirin on admission. Use of aspirin was linked with a significant (PϽ0.015) decrease in GCSF level on day 1 (median, 28 pg/mL; first quartile, 20 pg/mL; third quartile, 41 pg/mL with aspirin vs median, 50 pg/mL; first quartile, 40 pg/mL; third quartile, 76 pg/mL without aspirin). Three patients had insulin medication on admission. Insulin treatment was associated with significant (PϽ0.023) decrease in GCSF on day 1 (median, 28 pg/mL; first quartile, 20 pg/mL; third quartile, 29 pg/mL vs median, 50 pg/mL; first quartile, 36 pg/mL; third quartile, 71 pg/mL). No relation was found between levels of these GF and angiotensin convertase enzyme inhibitors, ␤-blockers, angiotensin receptor blockers, diuretics, coumadin, oral antidiabetics, statins, recombinant tissue plasminogen activators, or endovascular intervention. Similarly, there were no correlations between age, gender, admission NIHSS score, and levels of GF on day 1. There was no difference between these GF levels according to the TOAST stroke criteria.
Association of GF With Blood Biochemical Parameters
White blood cells strongly correlated with day 1 VEGF (rϭ0.624; PϽ0.007; 95% CI, 0.205-0.85); however, no correlation between VEGF and any other biochemical parameters was detected. There were no correlations between admission red blood cells, hemoglobin, hematocrit, glucose, platelets, international normalized ratio, systolic and diastolic blood pressures, and GCSF, SDF-1␣, and SCF levels.
Subgroup Analysis
We repeated statistics in 16 stroke patients, excluding 1 patient with high GF levels ( Figure 1 ; SDF-1␣ and GCSF on day 1). Temporal increases of SDF-1␣ (PϽ0.04) and VEGF PϽ0.03) levels between days 1 and 3 were of the same Figure 4 ). The correlations between SDF-1␣ and DWI lesion volume, SCF and CD133
ϩ , and CD133 ϩ VEGF-R2 ϩ were moderate (rϭ0.4) but no longer significant.
Discussion
This prospective study shows a relationship between plasma SDF-1␣ and SCF levels and between stroke severity and brain recovery after early ischemic stroke. The first finding is that high SDF-1␣ levels were associated with small acute lesion volumes, and that low SDF-1␣ levels were linked with large acute ischemic strokes and, concomitantly, with worse outcomes. This is in line with data showing that SDF-1␣ plays a central role in brain regeneration through activation of its receptor CXCR4 in various neuronal cells. 24 SDF-1␣ and its receptor CXCR4 are expressed in neurons, microglia, endothelium, and astrocytes, predominantly in ependyma, cortex, hippocampus, cerebellum, and brain stem of the central nervous system. 24 Accordingly, we hypothesized that a temporary decline in production of SDF-1␣ in early stroke may be related to neuronal necrosis and death of astrocytes, microglia, and vascular endothelium through dysfunction of the neurovascular unit. 25 Furthermore, we found strong correlations between SDF-1␣ and the subsets of EPC that participate in neovascularization, 26 which is consistent with reported expression of CXCR4 in newly formed vessels in regions of brain angiogenesis. 27 Therefore, our findings suggest that low levels of SDF-1␣ found in large early strokes may reflect a relative decline in brain neuroregeneration attributable to extensive tissue damage.
The second important finding is the correlation between circulating EPC and plasma levels of SDF-1␣ and SCF. SDF-1␣ is essential for mobilization and trafficking of EPC from bone marrow to the ischemic tissue. 4 It binds to CXCR4 located on EPC, mediating their recruitment toward hypoxic gradients and to sites of arterial injury. 24 Our data are in line with correlations between EPC subsets and SDF-1␣ in early ischemia. A correlation between SDF-1␣ and CD34 ϩ and CD34
ϩ CD133 ϩ has been demonstrated in acute coronary syndrome, 13 and a correlation between CD34 ϩ CD133 ϩ and CXCR4 ϩ CD34 ϩ and SDF-1␣ was shown in stroke. 14 Importantly, we found correlations between SDF-1␣ and different distinct subsets of EPC (
, among which the latter represents a population with proliferative potential capable of generating mature endothelial cells. 26 Similarly, SCF is a potent activator of EPC mobilization and acts as a ligand for the c-Kit receptor expressed on endothelial cells. 7 We found a correlation between levels of SCF and CD133 ϩ and CD133 ϩ VEGF-R2 ϩ subsets in early stroke. Importantly, CD133
ϩ is a marker of nonmature angioblast-type cells, 3 and administration of CD133 ϩ bone marrow stromal cells has a neuroprotecitve effect in stroke. 28 The third finding is the striking correlation between levels of SDF-1␣ and SCF, which are 2 major GF participating in EPC recruitment (Figure 4 ). Our data are in line with experimental findings showing that SDF-1␣ and SCF share signaling pathways, 29 and SCF regulates activity of the SDF-1␣/CXCR4 axis. However, no association between SDF-1␣ and SCF in early stroke patients has been reported previously. Importantly, this correlation remained significant after adjustments for the well-recognized prognostic factors of stroke, including age, NIHSS score, hyperglycemia, hypertension, inflammation, and dehydration.
Plasma levels of SDF-1␣ and VEGF significantly increased on day 3 compared to day 1. However, no increase in any GF between days 1 and 3 was found in patients with acute myocardial ischemia. 12, 13 Nevertheless, our data are in accordance with the persistent increase in VEGF levels, peaking at 7 days in stroke patients. 15 Notably, we demonstrated a significant increase in VEGF levels between days 1 and 3. Furthermore, a recent study showed an increase in SDF-1␣ between days 1 and 7 after stroke onset. 14 We subsequently found a sharper increase in SDF-1␣ level between days 1 and 3 after stoke onset. Therefore, our results might reflect a robust activation of signaling between SDF-1␣ and VEGF and EPC, leading to increased recruitment of EPC and neovascularization in subacute stroke. No difference between day 1 and day 3 GCSF was detected in our study, which is in agreement with previous reports. 30 In addition, no significant changes in SCF levels were found during the follow-up and, to the best of our knowledge, no studies of SCF levels in plasma of early ischemic stroke patients have been performed before.
Our data (Figure 3 ) are comparable to published numbers of EPC subsets in healthy volunteers, with the exception of the CD34 ϩ VEGF-R ϩ CD133 ϩ subset, 31 which is lower. The decrease in subsets of circulating EPC is in agreement with reported temporary decrease of EPC in acute ischemic stroke. 16 Post hoc analysis revealed that use of aspirin on admission was linked to a decrease in GCSF level. The indication for aspirin in the cohort of stroke patients was mainly CAD or previous stroke. Capacity for neovascularization in patients with CAD is profoundly reduced. 32 In addition, an association between levels of GCSF and capacity for neovascularization and for spontaneous mobilization of CD34 ϩ was recently shown in CAD. 12 Therefore, we suggest that that the association between aspirin use and low GCSF in this stroke cohort can be explained by underlying ischemic vascular disease (CAD or previous stroke) and, accordingly, by reduced capacity of bone marrow to neovascularize.
Post hoc analysis showed that insulin treatment was associated with a decrease in GCSF levels. The indication for insulin administration in stroke patients was a presence of underlying diabetes. GCSF administration prevented development of type 1 diabetes and destructive insulinitis in nonobese diabetic mice. 33 We hypothesized that diabetes may be linked with low levels of GCSF in the stroke cohort.
In our cohort of stroke patients, high white blood cell counts were associated with higher VEGF levels. This is in line with a recent volunteer study demonstrating that induction of systemic inflammation by Salmonella typhus vaccination is associated with increase of both white blood cells (PϽ0.0001) and VEGF (PϽ0.009). 34 Day 1 SDF-1␣ levels inversely correlated with acute lesion volumes evaluated on DWI. DWI is sensitive for ischemia detection during the acute period. 35 Ischemic lesion volumes in acute stroke by DWI correlate with clinical outcome. 18 Therefore, we used lesion volume measurements as a variable related to outcome. Accordingly, our data show that large ischemic lesions are linked to low SDF-1␣ levels. We hypothesize that low SDF-1␣ may be related to decreased mobilization of EPC to the injured vessels and to diminished neovasularization, possibly leading to worse functional outcomes.
Measurements of EPC and these GF may have a prognostic value for assessment of stroke recovery. EPC represent a surrogate biological marker for vascular function and cumulative cardiovascular risk, and patients with high Framingham scores have low EPC levels. 2 In addition, metabolic syndrome, 36 diabetes, 37 and atherosclerosis 38 are associated with decreased numbers of EPC. However, the increase in EPC levels 7 days after the stroke is associated with better outcome at 3 months. 39 Likewise, levels of SDF-1␣ have prognostic value in patients with recurrent stroke 14 and concomitant CAD. 13 Finally, increased VEGF levels at 24 hours after acute stroke predict better functional outcome. 40 The nature of interactions between EPC and the measured GF is a complex process involving multiple mechanisms that are not fully elucidated. Other tissue-specific chemoattractants and GF, such as erythropoietin, angiopoietin-1, estrogens, platelet-derived growth factor, and others, also may be involved in mobilization of EPC in ischemic stroke. 41 However, the biological significance of the link between EPC subsets and SDF-1␣ is emphasized by the broad involvement of SDF-1␣ in the central nervous system homeostasis, because SDF-1␣ has been found in the developing brain and in the adult brain. 24 In addition, SDF-1␣ mediates the migration of neuronal progenitors and EPC to participate in neovascularization. 40 Moreover, SDF-1␣ is upregulated under hypoxic conditions 24 and in stroke. 14 These findings all support the biological significance of associations between EPC and SDF-1␣ levels in stroke patients. Other explanations for increases in SDF-1␣ and VEGF may be that SDF-1␣ is increased in hypercholesterolemia 42 and in metastatic cancer progression, 11 whereas VEGF is implicated in skeletal growth, pregnancy, and spreading of cancer. 42 However, because of our strict inclusion criteria, patients with these underlying disorders and conditions were excluded. Because cholesterol levels were not simultaneously evaluated in the stroke cohort, the influence of cholesterol on increased SDF-1␣ remains to be established in future clinical studies.
We measured plasma GF levels in acute stroke patients but we were not able to perform immunohistochemistry to demonstrate a local increase of these GF in the brain. An increased expression of SDF-1␣ is shown in ischemic penumbra. 43 Likewise, ischemia stimulates VEGF expression in brain macrophages, neurons, and glia, 44 and increased expression of GCSF in neuronal and endothelial cells has been shown in stroke patients. 45 Thus, the experimental and clinical evidence supports the hypothesis that the GF levels originate from damaged brain tissue.
After ischemic stroke, newly formed capillars are not always filled with red blood cells; 46 therefore, angiogenesis may not be explicitly related to augmentation of cerebral flow. Newly formed microvessels increase migration of macrophages to the ischemic area for rapid removal of necrotic debris, 47 which is beneficial for survival, and, consequently, the number of newly formed vessels correlates with longer survival of acute stroke patients. 46 The major limitation of this study is a small sample size and an absence of baseline data with patients' premorbid characteristics. The outlier fulfilled the inclusion and the exclusion criteria and represented a biological variation in EPC and GF levels. 13, 48 However, the subgroup analysis supported the observations of the total cohort of patients. A rigorous understanding of the interactions between EPC and GF at the molecular and cellular level is further warranted.
Conclusions
SDF-1␣ and SCF strongly correlate with circulating EPC levels and with each other in early ischemic stroke. In addition, SDF-1␣ inversely correlates with acute ischemic lesion volumes. Finally, SDF-1␣ and VEGF increased during the follow-up after early ischemic stroke.
